Dose-dependent positive effects on hatchability and hatchling weight have been attributed to ascorbic acid (AA) when eggs were submitted or not to intermittent heat stress during incubation. Fertile breeder (Cobb®) eggs were used to determine if the pre-incubation injection of AA in ovo affects the incubation and hatchling quality of egg incubated under thermoneutral or intermittent heat stress conditions. Eggs were not injected or injected with 0, 2,4, or 6% AA/100µL water and incubated at continuous thermoneutral (37.5ºC) or hot (39.0ºC) temperature. Eggshell temperature (EST) increased in the second half of the incubation period in all experimental groups. The EST of non-injected eggs and of those injected with water was higher when incubated at 39°C than at 37.5°C, but EST was not different among eggs injected with AA. Egg mass loss and eggshell conductance were higher in the eggs incubated at 39°C than at 37.5°C.Hatchability was lower in the eggs injected with AA. Liver and yolk sac weights were higher, whereas heart and liver weights were lower in hatchlings from eggs incubated at 39°C; however, hatchling weight was not affected by incubation temperature. The results showed that AA doses affected egg conductive heat loss and hatchability, and that they did not minimize the effects of high incubation temperature on liver and heart development.
INTRODUCTION
During in-ovo development, the chicken embryo does not control its body temperature (Wekstein & Zolman, 1967 , 1969 Freeman, 1971) , making it highly dependent from the air temperature inside the incubator. The onset and maintenance of embryo development requires the eggs to absorb heat from the incubator air. On the other hand, during the second half of the incubation period, the eggs need to loose heat to the environment of the incubator, as embryo metabolic rate and heat production increase (French, 1997) .Although the function of the eggshell is to separate the internal egg contents from the external environment, it does not provide complete thermal isolation, allowing heat exchange between the egg and the incubator, which are required for the ontogenetic development in ovo. Therefore, the embryo is vulnerable to temperatures above or below optimal incubation temperature.
From the physiological and production perspectives, incubation management practices should aim at maximizing hatchling quality, as good quality chicks have higher chances to express the full genetic potential of their genetic line. Incubation temperatures above that considered optimal for domestic poultry (37-38°C; Romanoff, 1960; French, 1997) negatively affect hatchability and reduce both hatchling quality (Hagger et al., 1986; French, 2000; Leksrisompong et al., 2007; Willemsen et al., 2011; Boleli & Queiroz, 2012) and growth performance after hatch (Decuypere et al., 1979; Geers et al., 1982) .
The in-ovo injection of nutrients may be used to improve hatchability and hatchling quality (Ohta et al., 2001) .For instance, the injection of vitamins in ovo has been applied to improve hatchability and hatchling body weight (Robel & Christensen, 1991; Robel, 1993) .Ascorbic acid (AA, vitamin C) has shown dosedependent positive effects on hatchability and hatchling body weight (Zakaria & Al-anezi, 1996; Pires et al., 2011; Ghonim et al., 2009; Mohammed et al., 2011; Nowaczewski et al., 2012) when eggs are incubated or not under intermittent heat stress. However, the effects of the injection of AA pre-incubation of eggs incubated under continuous heat stress on embryo development and hatchling quality are not known. Therefore, the present study evaluated if the intra-ovo injection of AA before incubation affected incubation quality (eggshell temperature and conductance, eggmass loss, hatchability, and embryo mortality) and hatchling quality (body weight and organ weights, and body surface temperature) of eggs incubated under continuous heat stress conditions or not.
MATERIAL AND METHODS
The experimental protocol was approved by the Animal Ethics Committee (CEUA) of the School of Agrarian and Veterinary Sciences of Universidade Estadual Paulista (UNESP), Jaboticabal campus, Brazil, under protocol n. 7377/10.
Five hundred fertile eggs derived from 47-weekold Cobb® broiler breeders were acquired from a commercial hatchery (Globoaves, Itirapina, SP, Brazil). Eggs were individually weighed and allotted to a completely randomized experimental design in a 5x2 factorial arrangement, with five ascorbic acid treatments (no injection or injection with 0, 2, 4, or 6% ascorbic acid per 100μl of water intra-ovo) and two incubation temperatures (thermoneutral: 37.0,ºC or hot: 39.0ºC), with two incubators per temperature, each with 50 eggs per treatment. Average egg weight was 67±2g. The incubators (Premium Ecológica, IP200) had automatic temperature control and egg turning every 2h. Relative humidity was maintained at 60% until eggs were transferred to the hatcher and at 70% during the last two days of incubation.
Ascorbic-acid injection was performed before eggs were incubated. After cleaning the egg surface with 100% ethanol, the eggshell was perforated with a sterile needle (Injex, 13 x 0.38 (27.5 G1/2")), and the AA solution (Synth, 99% purity) was injected in the albumen at an approximate depth of 6mm from the eggshell. Eggs were placed horizontally, and the solution was applied in the end of the egg opposite to the air chamber. After injection, the hole was closed with a label identifying treatment and replicate. The AA solution was diluted in Mili-Q water and autoclaved in a dark environment due its photosensitivity.
The following parameters were evaluated: eggshell temperature, egg mass loss, eggshell conductance, hatchling body temperature, hatchability, embryo mortality, duration of incubation, hatchling relative weight and absolute and relative weights of the liver, yolk sac, heart, and gizzard.
Eggshell temperature
Eggshell temperature was measured in two eggs/ AA treatment/temperature/incubator, totaling 20 eggs. Values were recorded during the entire incubation period using T mini-thermocouples (copper-constant; Alutal).The thermocouples were attached to the side of the eggs using an adhesive tape, covering a circular surface of 1cm diameter. Eggs were placed on the incubator pulleys with the longitudinal axis placed horizontally. Data were collected and stored every 30 minutes from d1 to 18 of incubation. Data were stored in data loggers and downloaded in a computer for subsequent analysis. Eggshell temperature was analyzed for first 18 incubation days.
Egg mass loss and eggshell conductance
Egg mass loss was calculated as the difference in egg weight before placement and an on d 18 of incubation, and expressed as a percentage of initial egg weight. Eggshell conductance was calculated as egg mass loss (g) from placement divided by steam saturation pressure (23.86 mm/Hg at 25ºC).
Hatchling body temperature and quality
Wing, head, shank, and back temperatures of male chicks were recoded using an infrared thermometer and average body surface temperature (T) was calculated as: average surface temperature = (0.12 x wing T) + (0.03 x head T) + (0.15 x shank T) + (0.70 x back T), as described by Richard (1971) .
Absolute and relative weights of the fresh liver, yolk sac, heart, and gizzard were determined at hatch in eight male chicks/treatment after sacrifice by neck dislocation followed by head section. Organ relative weights were calculated as a function of hatchling body weight. Hatchling absolute body weight (g) was measured after the down dried, and hatchling body weight relative to egg weight (g) was calculated and expressed in %.
Statistical analysis
The obtained data were submitted to analysis of variance using the General Linear Model (GLM) procedure of SAS statistical package (SAS Institute, 2002) . When significant effects were determined (7% probability), means were compared by the test of Tukey. Linear, quadratic, and cubic models were used for regression analyses to evaluate the effects of ascorbic acid levels. Figure 1 shows the EST of eggs injected or not with AA and incubated at thermoneutral (37.5°C) or hot (39°C) temperature, as estimated by thermocouples kept in direct contact with the eggshell. When incubated at 37.5°C, the EST of non-injected eggs (controls) exceeded the incubation temperature from d 10, reaching a maximum value of approximately 38.2°C on d 17 and 18.The EST of eggs injected with water exceeded the incubation temperature only on d 17 and in about 0.2°C.The EST of the eggs injected with AA remained higher than the incubation temperature (37 o C) during the entire incubation, being 0.5°C and 1.1°C higher, on average, on day 10 and 17, respectively. When incubated at 39°C, the EST of the non-injected eggs (control) remained lower than the incubation temperature until d 14, whereas those injected with water (0% AA) reached incubation temperature only on d 18.The EST of the eggs injected with 4 and 6% AA remained below incubation temperature during the entire incubation and reached incubation temperature only on d 18, whereas the EST of those injected with 2% AA exceeded incubation temperature on d 13, and remained about 0.2 o C higher until d 18.
RESULTS

Eggshell temperature (EST)
EST values were also compared between incubation periods (d 1-9 and d 10-18) and was significantly higher (p<0.05) during the second period (Figure2).
As shown in Table 1 , there was a significant interaction (p<0.05) both between incubation temperature and days of incubation and incubation 
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temperature and AA doses for EST. During the incubation period, EST increased (p<0.05) in eggs incubated at both temperatures and was higher (p<0.05) in those incubated at 39°C than at 37.5°C (Table 2 ). In addition, Table 3 shows that the EST of non-injected eggs (controls) and of those injected with water (0% AA) was higher when eggs were incubated at 39°C than at 37.5°C, whereas the EST of AA-injected eggs was not influenced by incubation temperature (p<0.05). There was no influence of the AA treatment when eggs were incubated at 39°C (p>0.05), but when incubated at 37.5°C, eggs injected with AA (2%, 4%, and 6%) presented higher EST than the control and the water-injected eggs (p<0.07).
Egg mass loss, eggshell conductance, and hatchling body temperature
The results on Table 4 show that AA doses did not influence (p>0.05) egg mass loss or eggshell conductance; however, these parameters were significantly (p<0.05) affected by incubation (Table 4) : the body temperature of chicks hatched from eggs injected with water (0% AA) was lower when eggs were incubated at hot temperature (p<0.05; Table 5 ). Hatchability, embryo mortality, and duration of incubation Data on Table 6 showed significant effects (p<0.05) of the AA treatment on hatchability, which was higher for the non-injected eggs (controls) compared with those injected, with the lowest hatchability recorded in eggs injected with 4% AA. Early (d 0-7), intermediate (d 8-14) , and late (d 15-hatch) embryo mortality were not influenced by AA treatment or by incubation temperature. However, embryo mortality was numerically higher in all phases in injected than in non-injected eggs. The injection of 4% AA increased early embryo mortality in 80%, intermediate embryo mortality in 65% and late embryo mortality in 115% relative to the control eggs, which seems to correspond to the lower hatchability recorded in chicks derived from eggs injected with 4% AA. Moreover, early embryo mortality was higher when eggs were incubated at the hot temperature.
Incubation period was negatively influenced (p>0.05) by incubation temperature (Table 5) , being longer when eggs were incubated at 39°C than at 37.5°C. Table 7 shows the obtained hatchling quality parameters. Hatchling relative weight was not influenced (p>0.05) by AA dosing or by incubation temperatures. The absolute and relative weights of the liver, yolk sac, heart, and gizzard were significantly affected (p<0.05) by incubation temperature, but not by AA treatment. The absolute and relative weights of the yolk sac and the liver were higher and those of the heart and the gizzard were lower when eggs were incubated at 39°C compared with 37.5°C.
Hatchling quality
DISCUSSION
Eggshell surface temperature is used as an indication of metabolic heat production intra ovo (Lourens et al., 2007) . In the present study, EST was higher in eggs incubated at 39°C than at 37.5°C during the entire incubation period, indicating that hot incubation temperature increases embryo and fetus metabolism. EST increases during the second half of incubation as embryo metabolic rate and heat production increase (Meijerhof, 1999; Tazawa & Whittow, 2000) . The obtained data showed that EST increased in the second half of incubation both at the applied thermoneutral and hot temperatures, independently of AA dose injected in ovo, demonstrating that the increase in embryo metabolic rate was not prevented by incubation temperature or by AA injection.
Heat is transferred by conduction, convection and evaporation when there are temperature differences within an environment or between different environments (La Scala, 2003) , which means that heat exchange between egg content and incubator air during incubation can only occur if and when their respective temperatures are different. Heat loss by conduction corresponds to the propagation of heat from the egg content to the surface of the eggshell, which then transfers heat to the air by convection and by radiation (La Scala, 2003) , allowing eggshell temperature to be used as an indication of egg heat loss. On the other hand, heat loss by evaporation corresponds to the heat lost along with egg mass (water) loss, and it is proportional to egg mass (La Scala, 2003) . According to French (1997) , eggs absorb heat from the incubator during the first half of the incubation period -provided the embryo temperature is lower than that of the incubator -, but must loose heat during the second half, when their metabolic rate and heat production increase. In the present study, when incubated at the thermoneutral temperature (37.5°C), only the noninjected eggs and those injected with water gained heat during the first half and lost heat during the second half of incubation. However, conductive heat loss may have been lower in the latter as their EST was higher than the incubation temperature after d 10 and 17 of incubation, respectively. The EST of the AA-injected eggs remained higher than incubation temperature during the entire incubation period, indicating higher conductive heat loss compared with the non-injected and water-injected eggs. This may explain the lower hatchability of AA-injected eggs, which did not lose heat for the incubator air during the second half of incubation. Differently from the eggs incubated at thermoneutral temperature, the EST of non-injected and waterinjected eggs was higher when eggs were incubated at 39°C than at 37.5°C, probably because they did not lose heat by conduction under hot temperature incubation.
Conductance is the capacity of gas exchange between the egg and the environment, and it is related with water (Campos et al., 2003) and metabolic heat (Hamidu et al., 2007) losses. The higher the egg conductance and the water loss, the higher egg heat loss by evaporation. The results showed that, compared with eggs incubated at 37.5°C, those incubated at 39°C presented higher egg mass loss and conductance, but no differences in hatchability. This indicates that the increase in evaporative heat loss of the eggs incubated at the hot temperature may have prevented the negative effects of the lack of conductive heat loss (EST data) on embryo development and the consequent reduction of their hatchability. The higher mass loss observed in the eggs incubated at 39°C may have resulted from increased water evaporation of the egg contents and higher metabolic water production (Shafey, 2002) .
Excessive egg water loss (>14%) causes embryo death by dehydration (Romanoff, 1930) ; on the other hand, egg mass loss between 11 and 12% up to 18 days of incubation increases hatchability (Rosa et al., 1999) . In the present study, egg mass loss of the eggs incubated at 39ºC was approximately 9.6%, and therefore, was lower than 14% and very close to the values of 10.8 and 10% recorded by Deeming (1996) and Rosa et al. (1996) , respectively, in eggs incubated at 37.8ºC and therefore, did not affect hatchability.
The in-ovo injection of AA did not influence egg evaporative heat loss, but hatchability was significantly reduced, particularly when eggs were injected with 4% AA. According to Uni & Ferket (2003) , solutions at high concentrations may affect egg osmotic balance, and consequently embryo development. Those authors recommend a maximum limit of 800 mOsm. However, the osmolarity of the in-ovo AA solution injected (113 mOsm) was below that limit, suggesting that the lower hatchability of the AA-injected eggs was not caused by osmotic balance changes. Our data do not agree with the findings of Pires et al. (2011) , who obtained higher hatchability when eggs were injected with 1% AA. The dose-dependent effect of AA on hatchability was also recorded by Zakaria & Al-Anezi (1996) , Elibol et al. (2001) , Ipek et al. (2004) , and Nowaczewski et al. (2012) , who obtained better results when eggs were injected with 3 and 6 mg of AA. However, those authors injected this vitamin at later stages of incubation, indicating that its effects on in-ovo development varies with its dose and stage of embryo development at the time of injection.
Lower hatchability and higher incidence of embryo abnormalities have been reported in eggs submitted to long (French, 1994) or short periods of hyperthermia (French, 2000) . In the current experiment, despite the higher egg mass loss and the shorter incubation period of eggs incubated at 39ºC, hatchability was similar between the eggs incubated at the two different temperatures, indicating that the hot incubation temperature did not limit in-ovo development, as previously observed by Gualhanone (2002) in eggs incubated at 38.8ºC.
Shorter incubation times are associated with faster mitosis and higher metabolic rate of somatic cells, accelerating embryo growth (Kojima et al., 1996) . Our results show that the duration of incubation was shortened when eggs were incubated at 39°C compared with 37.5°C, indicating that the hot incubation temperature accelerated in-ovo development, as confirmed by their higher conductive and evaporative heat losses and higher conductance, and therefore, higher metabolic rate. On the other hand, AA injection did not affect the ontogenetic development of chicks, in agreement with the findings of El-Sheikh & ElGammal (2000) and Mohammed et al. (2011) , who did not find any effects of AA administration in ovo on the duration of incubation.
Egg mass loss up at the time of transference to the hatcher is used in commercial settings to determine embryo development stage and it is related with hatchling weight (Noy & Pinchasov, 1993) .However, despite the higher egg mass loss of the eggs incubated at 39°C than at 37.5°C, hatchling weight was not different. This may have been due to the action of regulation mechanisms that limit the influence of the environment during the incubation on egg parameters, such as egg mass loss (Simkiss, 1980 a, b) , making the embryos tolerate different egg water loss rates during incubation by changing the amount of water absorbed from the allantoic fluid. The egg weight to hatchling weight ratios (hatchling relative weight) obtained in the present study are within the 73-80% interval considered normal for chickens by Henry & Burke (1997) . On the other hand, hatchling derived from eggs incubated at 39°C presented higher liver weight and lower gizzard and heart weight compared with those incubated at the thermoneutral temperature.
